Gas hollow tungsten arc (GHTA) welding experiments on aluminum pipe were performed in a simulated space environment and in a vacuum at 1 G. Square butt welding joints with a non-root gap on aluminum pipes were formed by orbital welding with filler metal using a pulsed DC power supply in a vacuum chamber under 10 À2 G and 1 G gravity conditions. The butt welding process during aluminum-pulsed DC GHTA welding with a filler metal was investigated by analyzing images obtained using a high-speed video camera. In addition, the macrostructure and mechanical properties of the butt welding joints were investigated. The results revealed that arc discharge and melting-solidification during pulsed DC GHTA welding were insensitive to the gravity conditions because welding is strongly affected by the impulsive arc pressure generated by the peak current. In addition, GHTA welding experiments performed in a simulated space environment demonstrated that pulsed DC GHTA welding with a filler metal can produce defect-free aluminum butt welding joints with sufficiently high strength.
Introduction
At 6:11 PM on April 7, 2010 (Japan time), the space shuttle Discovery docked with the International Space Station (ISS) and astronaut Naoko Yamazaki entered the module to join fellow astronaut Soichi Noguchi, who was in the middle of a long-term mission on the ISS. This marked the beginning of new stage in space activities with two Japanese on the ISS at the same time. It seems likely that the ISS will require repairs at some time during its 10-year lifetime due to collisions with space debris or meteors. It will also be necessary to construct infrastructure for space travel such as a moon base and structures for space-based electric power stations that employ solar cells. 1) Techniques for welding in space, the most efficient means for joining components, will need to be rapid, safe, and economical.
The former Soviet Union was quick to recognize the need for space welding technology. It commenced research and development on electron-beam welding in space during the 1960s. [2] [3] [4] [5] In 1984, cosmonauts successfully performed electron-beam welding experiments outside Salyut 7. The United States has also conducted research on electron-beam welding 6) and YAG laser welding. 7) NASA planned to perform welding experiments in space with an electron-beam welding machine developed by the former Soviet Union using the space shuttle, but these have been delayed indefinitely due to problems with the shuttle schedule and concerns about astronaut safety. 8) In Japan, we have proposed a unique and safe space gas hollow tungsten arc (GHTA) welding method. 9) It has been used in a welding experiment 10) on stainless steel in a simulated space environment performed in a vacuum chamber in a plane flying in a parabolic path. The welding system was demonstrated to produce a robust butt welding joint. A technique has also been developed for removing aluminum-oxide film on workpieces using a pulsed electrical current in space GHTA welding. 11, 12) A butt welding experiment performed in a simulated space environment demonstrated that space GHTA welding can be used on aluminum pipes. 13) However, the throat thickness was too small in the weld metal due to the arc impact force (i.e., the impact force produced by the arc during a pulse; it is generated by the momentum difference of the plasma stream when the pulse is turned on and off), and this reduced the joint strength. It was suggested that aluminum pipe butt welding with non-root gap is required for feeding the filler wire.
This study reports a welding experiment performed on aluminum pipes in which a wire was fed into the weld pool in a simulated space environment. The characteristics of the welding process and welding phenomena during feeding of the wire were determined. Space GHTA welding technology that can produce a butt welding joint with an aluminum pipe that possesses considerable strength was established.
Experimental Method

Experimental apparatus
The vacuum welding experimental system depicted in Fig. 1(a) was used in this study. It consisted of a DC-pulsed gas tungsten arc (GTA) welding machine, a vacuum chamber, a rotary pump, a mechanical booster pump, and a control unit. The vacuum chamber was equipped with a torch position controller, a GHTA welding torch, a wire feeder, and jigs for fixing the workpiece, as shown in Fig. 1(b) . The GHTA welding torch employed a hollow tungsten electrode containing 2% lanthanum oxide. The electrode had an outside diameter of 4 mm, an inside diameter of 1.8 mm, and an apex angle of 60 . In this welding experiment, argon, which promotes arc initiation, was released from the electrode tip at a very small rate in both a 1 G vacuum environment and in a vacuum with microgravity in a simulated space environment.
Test specimens and experimental procedures
The specimens (workpieces) were pure aluminum pipes (A1070TD-H14; tensile strength: 107 MPa; elongation: 8%; diameter: 30 mm; wall thickness: 2 mm). During welding of deposition metal onto the outside surface of a 100-mm-long pipe (hereafter, bead-laying), a bead was placed in the circumferential direction at the center of the pipe in the longitudinal direction. The weld root faces were machined flat before butt welding two 50-mm-long pipes (hereafter, butt welding). The pipes were placed against each other in square grooves (i.e., zero root gap), tack welded at three points, and then finished by circumferential welding. Two welding methods were used. In the first method, the rotating workpiece was melted by the heat of the arc discharge with no wire feed (hereafter, melt-run welding). In the second method, wire was fed into the molten pool at a set speed during welding (hereafter, wire-feed welding). In wire-feed welding, a 1-mm-diameter A4043-WY (94.6% Al-5.2% Si) wire was fed into the front edge of molten pool at an angle of about 15
to the specimen surface. The welding experiments were conducted with DC electrode negative polarity (DCEN). Table 1 shows the welding conditions employed in this experiment, and Fig. 2 shows the current waveforms. In this figure, I P is the peak current, I B is the base current, T P is the peak duration, T B is the base time, and T is the pulse period. A time of zero on the horizontal axis represents the initial rise from the base current to the peak current. The welding conditions at the tips of the aluminum pipe workpiece were observed at an angle of 45 using high-speed (500 fps) cameras placed above and laterally (relative to the axial direction) to the workpiece. The welding current, Ar flow rate, vacuum chamber internal pressure, and gravitational acceleration were recorded using a digital oscilloscope.
The welding experiment in the simulated space environment was performed on a plane using the experimental system shown in Fig. 1 . While the plane was in level flight, the specimen was fixed in a jig in the vacuum chamber and the pressure was reduced to approximately 10 Pa using a vacuum pump. The welding experiment was then performed under vacuum in microgravity in a simulated space environment with 10 À2 G that was generated for about 20 s as the plane flew in a parabolic path. Once the space environment had been simulated, Ar gas was supplied through the electrode tip at a rate of 1.33 ml/s, the torch position controller lifted the electrode 3 mm, an arc was initiated, and welding was started at a speed of 7 mm/s (i.e., the rotational speed of the workpiece). The welding time was set to allow complete solidification in the simulated space environment. The vacuum chamber pressure at the completion of welding was about 50 Pa. The ground-level 1 G vacuum environment experiment was performed in the same simulated space environment using the same procedure, in a parked aircraft and in a laboratory at ground level. Figure 3 shows the extraction location of the specimens used and the dimensions and morphology of the specimens used in the butt welding joint tensile test. Three tensile specimens were taken from the butt welding joints made in the simulated space environment; they are indicated by the dotted line in Fig. 3(a) . The center of specimen width (15 mm) was taken at intervals of approximately 120 from the weld start point. The portions at both ends engaged by the chucks were pressed and machined flat, as shown in Fig. 3(b) , and the tensile test was then performed. The macrostructure of the weld was examined using cross-sections taken from other areas and hardness tests were performed.
Experimental Results and Discussion
3.1. Butt welding experiment 3.1.1. Ground-level 1 G butt welding experiment in vacuum Wire-feed butt welding was performed at 1 G in a vacuum at a wire-feed speed of 12.5 mm/s. Figure 4 shows several frames of the welding process obtained using the high-speed camera. As in Fig. 2 , the times shown in this figure are based on t ¼ 0 at the initial rise from the base current to the peak current. Figure 4 (a) shows welding during the period when the base current flowed, before the peak current. The arc discharge shows a low brightness under low ambient pressures since the plasma density is low. The image is not very sharp due to the wobble generated by the high-temperature heat resulting from the electrode and weld. The specimen was rotated to the right so that welding proceeded to the left. Wire was fed from the left side to the left edge of the crater just below the electrode. A crater formed due to the concave molten pool solidifying immediately after the peak current had stopped. The wire and the crater were not molten since a relatively low welding heat (arc heat) is supplied during base current flow. The following process was observed. After the peak current was initiated (Fig. 4(b) ) and during peak current flow, strong arc discharge occurred (Figs. 4(c) and (d)), and this melted the wire and base metal, forming a new molten pool. The wire and base metal fused together, expanding the pool and increasing the molten metal volume. The molten metal was mixed by the impact imparted by the arc discharge in the plasma stream and its violent fluctuations (hereafter, arc impact force). In the melting process, the molten metal exhibited ripple-like vibrations and deformations, which flowed toward the rear of the molten pool and accumulated there. The molten pool was concave in shape and was located immediately under the electrode. At the end of the peak current period, when the current fell to the base level, the molten metal that had built up at the Immediately under the electrode, the concave pool solidified into the crater shown in Fig. 4(a) . Thus, the configuration of the accumulated weld metal and crater was created in turn in each repeated cycle of peak current and base current, resulting in a welding bead with a regular ripple shape (ripples on the surface of the welding bead) (Fig. 7(b) shows an example). Conventional GHTA welding uses a constant, rather than a pulsed, welding current and the plasma flow (arc discharge) does not vary with time, so the welding phenomena of arc discharge and melting-solidification process described above are not observed. Therefore, the process of arc discharge and melting-solidification in GHTA welding, which does use a peak current, is expected to be strongly influenced by the plasma flow and arc impact force.
12)
Figures 4(c) and (d) show that during the deformation and flow of the molten metal, the thin aluminum-oxide film covering the surface of the molten pool breaks up into tiny fragments due to the arc impact force and is swept away.
Part of the oxide film is not stripped, but adheres to the weld metal surface (the solidified molten metal), while a part of it mixes with the weld metal. However since they are relatively small fragments, they do not reduce the joint strength. The above ground-level 1 G experiment demonstrated the phenomena of arc discharge, melting, solidification, and other welding stages. We also obtained good weld metals and good weld beads, with no defects. 3.1.2. Butt welding in a simulated space environment Butt welding was performed in a simulated space environment under otherwise the same conditions as in the previous section. Figure 5 shows several frames of the welding process obtained using the high-speed camera. During the period of base current flow (Fig. 5(a) ), the wire was fed to the left edge of the crater formed during the previous period of peak current flow. Just as in Fig. 4(a) , the wire and crater were not molten. As observed in the ground-level 1 G vacuum environment, when the current starts to increase to the pulse level (Fig. 5(b) ), a strong arc discharge occurs (Figs. 5(c) and (d) ) and this melts the wire and base metal, forming a new molten pool. The molten pool then expands and the volume of molten metal increases. Just as observed in the ground-level 1 G vacuum environment, this melting process consisted of wire melting with the base metal under the plasma stream and arc impact force, which increased the molten metal volume. Again, the molten metal showed ripple-like vibration and deformation, flowing toward the rear of the molten pool and accumulating there to solidify. When the current level then transitioned to the base current, the molten pool solidified in a concave shape, forming a crater. No effect of microgravity was observed on welding phenomena such as arc discharge or the processes of melting-solidification in the simulated space environment. This is ascribed to much stronger influences on welding phenomena such as arc discharge and melting processes by the plasma stream and arc impact force, so that there was no influence from microgravity. These experimental results indicate that the phenomena of space GHTA welding using a pulsed DC current are not prone to influence from microgravity. We also found that, provided the correct welding conditions and wire-feed conditions are used, it is possible to create butt welding joints with no faults in a simulated space environment using space GHTA welding. 3.2. Influence of wire-feed speed on weld metal dimensions, morphology, and weld bead appearance During the welding of aluminum and its alloys, the aluminum-oxide films that form on the surface of the molten pool must be removed, since otherwise sound weld metal cannot be obtained. 12) Space GHTA welding using pulsed DC current is able to remove the aluminum-oxide films on the molten pool under the arc impact force due to the peak current. However, the plasma stream and arc impact force impel the left portion of the molten pool toward the center of the pipe, causing the weld metal to penetrate the inner wall of the pipe and protrude into it during welding under microgravity. This is why weld metal tends to show insufficient throat thickness, causing fracture within the weld metal. 13) Wire-feed butt welding was investigated in Section 3.1 as a means to overcome the problem of insufficient throat thickness, and it was found to be practical in a simulated space environment. The correct wire-feed speed must be selected to create a good butt welding joint. Therefore, in the ground-level 1 G vacuum environment and sim- ulated space environment, beads were laid using melt-run welding and wire-feed welding (wire-feed speeds: 7.5-25 mm/s). The influences of the presence/absence of wire and of the wire-feed speed on the weld metal dimensions, morphology, and weld bead appearance were investigated. 3.2.1. Bead-laying in the ground-level 1 G vacuum environment Figures 6(a) and (b) show the results of laying beads by melt-run welding in a ground-level 1 G vacuum environment when no wire was fed. As shown in the welding conditions in Table 1 , under GHTA using a pulsed DC current, the molten metal is forced toward the center of the pipe by gravity, the plasma stream, and the arc impact force, resulting in the weld metal protruding into the inner surface of the pipe (Fig. 6(a) ). Thus, there was insufficient weld metal at the top of the weld and the thickness of the weld on both sides was less than 1 mm, when there was insufficient throat thickness (insufficient weld metal thickness). The peak current produced a good bead surface with continuous ripples (Fig. 6(b) ). Apart from the insufficient throat thickness, no defects such as bubbles, incomplete fusion, or weld cracking were observed.
The results of wire-feed welding while varying the wirefeed speed in the range of 7.5-25 mm/s were as follows. Using a wire-feed speed of 7.5 mm/s gave a better throat thickness, but it left an inadequate height for weld reinforcement. Figures 7(a) and (b) respectively show the macrostructure of the weld and the appearance of the weld bead in a bead-laying experiment at a wire-feed speed of 12.5 mm/s. For wire-feed speeds in the range 12.5-17.5 mm/s, welds with good dimensions and morphologies were obtained, and the weld reinforcement height was in the desired range of 0.5-1.5 mm. Good quality weld metal was obtained with no defects such as insufficient throat thickness. However, at the faster wire-feed speed of 25 mm/s, the weld reinforcement height was too high, being greater than 1.5 mm, and the weld metal of the bead exhibited irregular ripples. These results indicate that the optimal wire-feed speed for the welding condition shown in Table 1 is in the range of 12.5-17.5 mm/s.
Bead-laying in a simulated space environment
Figures 8(a) and (b) respectively show the macrostructure and the appearance of the weld bead in a bead-laying experiment using melt run welding in a simulated space environment. Even though this GHTA weld was created under microgravity, the weld metal protruded toward the center of the pipe and had inadequate throat thickness on both sides. This is due to the molten metal being pushed toward the center of the pipe by the plasma stream, arc impact force and solidification. Figures 6(a) and (b) show nearly identical results that were obtained in the ground-level 1 G vacuum environment; the microgravity condition had no perceivable effect on the macrostructure or appearance of the weld bead. These results are reasonable in light of the findings presented in Section 3.1 that the welding phenomena of the arc discharge and melting-solidification processes in space GHTA welding using pulsed DC current showed no apparent influence from microgravity. A wire-feed speed of 7.5 mm/s produced no problems with throat thickness in the simulated space environment, but the weld reinforcement height was again too low. The weld reinforcement height at wire-feed speeds in the range of 12.5-17.5 mm/s was 0.5-1.5 mm, which was identical to that in the ground-level 1 G vacuum environment, showing good weld metal dimensions and morphology. Figures 9(a) and (b) show the results of a bead-laying experiment at a wire-feed speed of 12.5 mm/s. At the higher feed speed of 25 mm/s, wire fracture, which spattered small wire fragments, was occasionally observed under the peak current. Figure 10 shows several frames depicting this spatter obtained using the high-speed camera. Unmelted wire fragments, a crater, and a solidified molten pool are visible in Fig. 10(a) . Figure 10 (b) shows unmelted wire due to the excessive wire-feed speed. It also shows that the wire has penetrated the crater a little. Figure 10 (c) shows a longer, protruding wire that has overheated and broken off at the time of peak current. Figure 10 (d) shows a wire fragment, which is 1 mm in diameter and about 3 mm long, that was splattered and broken off by the plasma stream and arc impact force. Since spatter could damage spacesuits or become space debris, it is crucial to set the wire-feed speed within an appropriate range to prevent spatter. 3.3. Mechanical properties of butt welding joints created in a simulated space environment 3.3.1. Hardness distribution Figure 11 shows the hardness distribution in the butt welding joints created in the simulated space environment using melt-run welding and wire-feed welding (feed speed: 17.5 mm/s). The hardness measurement location was the center of the thickness. Open circles ( ) indicate melt-run values and filled circles ( ) indicate wire-feed values. The base metal of the A1070TD-H14 pure aluminum pipe had been work hardened to confer higher strength and hardness. The work hardening process was eliminated by annealing by the welding heat, and the heat-affected zone (HAZ) on both sides of the weld metal was softened. This softened zone was thinner in the wire-feed welding than in the meltrun welding. All of the welding heat is used to melt the base metal in melt-run welding, whereas both the base metal and the wire are melted by the heat from wire-feed welding in the latter method, so less heat is consumed melting the base metal. This is why the weld metal is narrower, and in turn, the HAZ is narrower in wire-feed welding than in meltrun welding. The weld metal of wire-feed welding is also harder. This is due to crystallization under solution hardening of the phase and crystallization of the ( þ Si) eutectic by the silicon (about 5%) incorporated in the A4043-WY wire used here.
Tensile strength
Tensile specimens were recovered from butt welding joints (see Fig. 3 ) produced by the same method as in the previous section, and tensile tests were performed. Figure 12 shows the specimens after fracture. Figure 12(a) indicates how the butt welding joint made using melt-run welding broke at the weld metal. This was because the throat thickness of the weld metal was low, just as in Fig. 8(a) . The mean tensile strength of the butt welding joint was 57.5 MPa, which is about 54% of the tensile strength of the base metal. Due to the softening of the HAZ, the mean fracture strain was 15.6%, which is about twice that of the base metal. In the butt welding joint welded with filler wire, fracture occurred in the softened zone of the HAZ of the base metal (Fig. 12(b) ). Since the throat thickness was adequate in the weld metal (see Fig. 9(a) ) and the weld metal hardness was high, the mean tensile strength was 71.4 MPa, a higher fraction amounting to 67% of the base metal strength. The mean elongation was 16.7%, which is about twice that of the base metal. This is the reason why the base metal fractured even though the strength of the weld was 67% of the base metal strength was the presence of the softened zone. This is a unique, inevitable phenomenon of the welded joints of work-hardened pure aluminum or heat-treated, high-strength aluminum alloys. Thus, provided the welded joints in these materials attain 60-70% of the base material tensile strength, the joint strength is considered to be sufficiently high. Based on the above results, it is concluded that wire-feed welding using space GHTA in a simulated space environment produces butt welding joints with nearly satisfactory strength.
Conclusion
A welding experiment was performed using space GHTA welding with a pulsed DC current in a ground level 1 G vacuum environment and a simulated space environment. The results indicate that this technique may be applicable in space.
1) We have demonstrated some of the characteristics of arc discharge and the melting-solidification processes of butt welding by wire-feed welding using a peak current in a ground-level 1 G vacuum environment and a simulated space environment.
2) Arc discharge and the melting-solidification processes under peak current are influenced by the plasma stream and arc impact force, but are influenced little, if at all, by the microgravity condition.
3) If the welding conditions are correct, wire-feed welding can be used to produce butt welding joints in a simulated space environment.
4) Bead-laying in a simulated space environment allowed us to select the appropriate wire-feed conditions. 5) Butt welding joints can be fabricated with good quality weld metal and a high tensile strength using wire-feed welding in a simulated space environment. 6) Spatter is rarely observed due to wire breakage if the feed speed is too high during wire-feed welding in a simulated space environment.
